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The addition of Ti, Nb, or Ta altered the crystallization behavior of the Zr65Al7.5Cu27.5
glass, and a metastable nanoscaled I-phase was obtained on primary crystallization of
these quaternary glasses. The complete substitution of Al by Nb also led to the
precipitation of I-phase upon crystallization. Negative heats of mixing between the
addition metals and the transition metals of the mother alloy were demonstrated to be
not a necessary condition for I-phase formation in the present alloy system.
I. INTRODUCTION
Some Zr-based Zr–Al–Ni–Cu metallic glasses are very
stable against crystallization to show large undercooled
liquid spans,1,2 Tx  Tx − Tg, where Tx is the onset
temperature of crystallization and Tg is the calorimetric
glass-transition temperature. The alloys have large glass-
forming ability and can be made into bulk metallic
glasses (BMGs).1–3 Following Frank’s argument, the ico-
sahedral atomic clusters in the undercooled liquids are
energetically favored and could therefore prevent the
transition of the liquid to a periodic crystal, thus leading
to a large undercooling.4–6 In the devitrification process
of these BMGs, Köster et al. first reported the formation
of Zr-based icosahedral quasi-crystals (I-phase), which
have intrinsic icosahedral point symmetry.7 This throws
some light on understanding the local atomic structures
of BMGs and their formation mechanism. In BMG-
forming systems, the formation of I-phase has been
drawing increased attention in recent studies.
After the discovery of the Zr-based I-phase, ample
experimental evidence appears that I-phase formation in
Zr–Al–Ni–Cu glassy alloys is favored by the addition of
oxygen8 and noble metals,9–12 as well as early transition
metals (ETMs) such as Ti, Nb, and Ta.13–15 Murty et al.
presented experimental evidence in a family of Zr-based
alloys that Al and Ni are not essential for I-phase forma-
tion in the presence of Pd. In these alloys Pd has an
exceptionally strong negative heat of mixing with Zr, but
interacts only weakly with Ni or Cu.9 In particular,
I-phase formation was observed by the substitution of Cu
with Pd in the Zr65Al7.5Cu27.5 alloy. With regard to the
addition of ETMs in the Zr–Al–Ni–Cu glasses, Ni–ETM
interatomic interactions are strong while Cu–(or Zr)–
ETM show zero or positive heats of mixing. Kelton et al.
suggested that the ETMs stabilize the Ni-centered icosa-
hedral atomic structure and catalyze the nucleation of
I-phase.16 In the present work, we show that the addi-
tion of ETMs such as Ti, Ta, and Nb in the Ni-free
Zr65Al7.5Cu27.5 alloy also leads to the precipitation of
I-phase during the crystallization processes of these me-
tallic glasses, though these elements have zero or positive
heats of mixing with Cu and Zr.
II. EXPERIMENT
Alloy ingots of compositions (Zr65Al7.5Cu27.5)95(Ti,
Nb, or Ta)5 and Zr65Cu27.5Nb7.5 (in at.%) were prepared
by arc melting high-purity constituent metals (>99.9 wt%)
under a Ti-gettered argon atmosphere. Zr–ETM (ETM 
Ti, Ta, or Nb) intermediate alloys were first prepared for
the subsequent co-melting with Zr, Al, and Cu ele-
ments to obtain homogeneous alloy ingots of the desired
compositions. Alloy ribbons with a cross section of about
0.05 × 1.0 mm2 were prepared with the alloy ingots
using a single-roller melt-spinning apparatus at a wheel
surface velocity of 40 m/s. X-ray diffraction (XRD) for
phase identification was conducted using a Rigaku (Ja-
pan) RINT-ultima IIIsp diffractometer with Cu K irra-
diation (  0.15406 nm). Specimens for transmission
electron microscopy (TEM) were prepared by the ion
milling technique. Microstructure observation was per-
formed on a JEOL (Tokyo, Japan) 2010 TEM. A TA-
DSC Q100 differential scanning calorimeter (DSC) was
used to examine the crystallization behaviors of metallic
glasses with a constant heating rate of 40 K/min.
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III. RESULTS AND DISCUSSION
All the melt-spun samples of (Zr65Al7.5Cu27.5)95(Ti,
Nb, or Ta)5 were found to be glassy in nature. As shown
in Fig. 1, the constant rate heating DSC trace of the
Zr65Al7.5Cu27.5 glass exhibited detectable glass transition
above which a large Tx was observed. In the tempera-
ture range of 650 to 850 K, the glass showed an exother-
mic transformation with Tx1  736 K. The results are
consistent with those originally reported by Inoue et al.17
With the additions of Ti and Nb, the glass transition
became much more distinct and the Nb addition also
caused an increased Tg. Crystallization of their under-
cooled liquids (Tx1), however, occurred at lowered tem-
peratures. As for Ta-addition, both Tg and Tx1 were el-
evated significantly compared with those of the ZrAlCu
glass. Especially, all the quaternary metallic glasses ex-
hibited an altered crystallization mode. In the tempera-
ture range of 650 to 850 K, two exothermic peaks were
found. The two continuous exothermic reactions imply
that metastable phases form in the first crystallization
stage and subsequently transform to more stable phases
in the second exothermic reaction. Reduced undercooled
liquid spans were observed in the quaternary metallic
glasses compared with that of the base alloy. Their first
exothermic reactions manifested almost the same appar-
ent heat of mixing. All the experimental data were sum-
marized in Table I.
We then made an investigation on the phase formation
in the first stage of crystallization of the quaternary me-
tallic glasses. The glassy samples were isothermally an-
nealed within the undercooled liquid region in the DSC
sample chamber under a continuous flow of purified Ar.
The annealed samples were then cooled rapidly to room
temperature at the rate of 200 K/min. Alloy phases in the
annealed (Zr65Al7.5Cu27.5)95Ti5 samples were identified
by XRD as shown in Fig. 2. The original melt-spun
sample was a glass. After 3 min annealing at 673 K, the
XRD pattern shows sharp diffraction peaks that can be
indexed well by an I-phase. For a further clarification,
TEM observation was carried out on the annealed
samples. Figure 3(a) shows the nanometer-scaled micro-
structure with the grain size of about 50 nm. The inserted
selected electron diffraction pattern of the nanophase can
be indexed by an I-phase following the scheme of Cahn
et al.18 The TEM observation is consistent with the XRD
identification. The diffused ring in the electron diffrac-
tion pattern indicated the existence of a residual glassy
TABLE I. Differential scanning calorimetry results of the melt-spun Zr65Al7.5Cu27.5 and (Zr65Al7.5Cu27.5)95ETM5 (ETM  Ti, Nb, Ta) ribbons
at the heating rate of 40 K/min.
Alloys Tg (K)
First crystallization peak Second crystallization peak
Tx (K) (Tx2 − Tx1) (K)Tx1 (K) H (J/g) Tx2 (K) H (J/g)
Zr65Al7.5Cu27.5 639 736 −85.4 … … 97 …
ETM  Ti 636 687 −33.8 724 −52.5 51 37
ETM  Nb 665 727 −32.6 757 −45.3 62 30
ETM  Ta 667 753 −33.1 778 −47.3 86 25
ETM, early transition metals.
FIG. 1. DSC traces of the melt-spun Zr65Al7.5Cu27.5 and
(Zr65Al7.5Cu27.5)95ETM5 (ETM  Ti, Nb, Ta) ribbons.
FIG. 2. XRD patterns of the annealed (Zr65Al7.5Cu27.5)95Ti5 ribbons
under different heat treatment.
J.B. Qiang et al.: Effect of Ti, Nb, and Ta additions to ZrAlCu metallic glass on crystallization and formation of the icosahedral phase
J. Mater. Res., Vol. 22, No. 4, Apr 20071094
phase in the annealed sample. For a further clarification
of I-phase formation, -diffraction patterns of the nano-
phase were obtained. As shown in Fig. 3(c), the typical
fivefold, threefold, and twofold diffraction patterns cor-
roborated the quasi-crystalline nature of the nanophase.
The XRD pattern of the sample annealed at 693 K for
3 min shows that a Zr2Cu-type phase precipitates and the
I-phase remains. The (18, 29) and (20, 32) diffraction
peaks of I-phase shift to lower-angle positions. This
indicates an increased quasi-lattice constant of the
I-phase compared to that obtained in the 673 K case. In
the 723 K for 3 min annealing, I-phase was not identi-
fied from the XRD pattern and the Zr2Cu-type phase
became the majority phase. The existence of any other
minority phase was not clarified due to the low resolu-
tion of the present -2 scan. At even higher annealing
temperatures, other crystalline phases appear besides
the Zr2Cu-type phase. The details of their crystalline
structures remain unknown. The phase identification
on the annealing samples demonstrated that metastable
I-phase precipitated by primary crystallization of the
(Zr65Al7.5Cu27.5)95Ti5 glass, and its immediate crystal-
line counterpart was the Zr2Cu-type phase.
The first-stage crystallization of (Zr65Al7.5Cu27.5)95
(Nb or Ta)5 was also examined. The XRD patterns in Fig.
4 show that their melt-spun samples are glassy. The pre-
cipitation of I-phase in the annealed samples was observed
after 3 min annealing at 700 and 725 K, respectively. TEM
observation on these annealed samples revealed also a
nanometer-scaled microstructure, similar to that in the an-
nealed (Zr65Al7.5Cu27.5)95Ti5 alloy. The difference is that
I-phase formed at elevated annealing temperatures in the
Nb- and Ta-bearing glasses. Noticing also the increased Tx1
of the glasses, the results seem to indicate the more difficult
transformation kinetics with the increase of atomic number
of Ti, Nb, and Ta. The Al-free Zr65Cu27.5Nb7.5 glass was
annealed at 673 K for different times to examine the phase
evolution sequence. I-phase appeared after 5 min annealing
as shown by the XRD pattern in Fig. 5. The twofold high-
resolution electron microscopic (HREM) image (Fig. 6) of
the I-phase corroborated the formation of I-phase. Upon
further annealing, I-phase gradually decomposed into the
Zr2Cu-type phase. In the final crystallization microstruc-
ture, the Zr2Cu-type phase turned out to be the majority
phase, and an unknown phase existed as the minority phase.
FIG. 3. TEM images of the (Zr65Al7.5Cu27.5)95Ti5 ribbon annealed for
3 min at 673 K. (a) Bright-field image, (b) the corresponding selected
area diffraction pattern, and (c) microbeam electron-diffraction pat-
terns showing the fivefold, threefold, and twofold diffraction patterns
of the I-phase.
FIG. 4. XRD patterns of the (Zr65Al7.5Cu27.5)95ETM5 (ETM  Nb,
Ta) ribbons under different states.
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The first-stage crystallization behaviors of the
(Zr65Al7.5Cu27.5)95(Ti, Nb or Ta)5 and Zr65Cu27.5Nb7.5
glasses were found to be similar to that of the Pd-alloyed
Zr65Al7.5Cu27.5 glass,
9 while the present ETM elements
have zero or positive heats of mixing with Zr and Cu.19
The crystallization of these well-designed metallic
glasses, therefore, appears to support that negative heats
of mixing between the alloying elements and the transi-
tion elements of the mother alloy are not necessary for
I-phase formation. This means that the local atomic in-
teraction consideration—i.e., the stabilization of the local
icosahedral order of the metallic glasses—is far from
sufficient on the subsequent formation of the I-phase. As
is known, many crystalline phases have significant local
icosahedral symmetry, and I-phases are distinguished
from them only in the long-range quasi-periodic order.
IV. CONCLUSIONS
The addition of Ti, Nb, or Ta into the Zr65Al7.5Cu27.5
alloy was found to alter the crystallization mode of the
base alloy. I-phase formation was demonstrated during
the first crystallization stage of these metallic glasses.
The present alloying elements have zero or positive heats
of mixing with Cu and Zr, which are different from the
strong Pd–(Zr or Cu) interactions. The experimental evi-
dence indicates that negative heats of mixing between the
alloying elements and the base alloy elements do not play
a significant role in the formation of I-phase in the pres-
ent system.
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